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In this manuscript, we generally denote wectors and collections differently, even though
mathematically they are very similar objects. Vectors, such as the probability vector 7, or
the generator matrix G are bolded. On the other hand, collections, which represent groups
of, in some sense, independent objects, such as the trajectory si.ny which is all states s,
grouped together are denoted with the colon notation ¢ : j to denote the range on indices

from ¢ to j.
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Description Variable Units

The number of pulses N -
Length of pulse period T ns
The macrotime of the n-th pulse tn ns
The microtime of the n-th pulse fhn ns or null
The measurement of the n-th pulse (ul, u2) (i (ns,ns)
Number of states (weak limit in the nonparametric sense) M -
The m-th state Om -
The state at the nth pulse Sy -
The system state transition probability matrix 11, -
The m-th row of I1, T -
Initial state probability vector ™o -
Concentration hyperparameter for 7.5, and m o -
Base distribution over states in the iHMM B -
Concentration hyperparameter for v -
Donor relaxation rate \d ns~!
Acceptor relaxation rate g ns~!
FRET rate of m-th state Nlepp  nsT!
Probability of donor becoming excited by a pulse Tex -
Excitation event at time n an, -
Direct acceptor excitation coefficient ke, -
Efficiency of the donor channel Nd -
Efficiency of the acceptor channel Na -
Probability of no detector leakage in donor channel Ddd -
Probability of no detector leakage in acceptor channel Daa -
Probability of donor channel laser background photon Dbd -

Probability of acceptor channel laser background photon  py, -
Probability of donor channel uniform background photon  pyqy -
Probability of acceptor channel laser background photon  pgy, -

Donor channel IRF delay mean plBE ns
Donor channel IRF delay variance yiRE ns?
Acceptor channel IRF delay mean plRE ns
Acceptor channel IRF delay variance yIRE ns?
The collection of all learned parameters (shorthand) 9 -

Table S1: Table of Variables and Units. For the convenience of the readers, we include
a table with the quantities discussed in this paper and their corresponding symbols.
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S2 Likelihood for Pulsed Illumination

In order to perform inference over the parameters as described in the main text [I], we use
the likelihood described in Eq. 6 of the main text [I]

L = p<w|pstart7 HU: G’ll)) X pstartHCerg e H}‘Vpgorrrm (Sl)

where pg,,. is a vector collecting all the initial probabilities. G, is the photophysical gen-
erator matrix given in Eq. 4 of the first companion manuscript [2]. Moreover, II7 is the
reduced system state propagator for the n-th interpulse period given by

I’ =11, © D7, (S2)

where © denotes element-by-element product. Here, DY is the detection matrix with ele-
ments

(DZ)SnHU]’ = p(wn|sn, Gll)) = pg'roundQﬁ(sn)pZorm7 (83>

as described in Sec. 3 of the main text [1]. Here, py,,,,q is the probability vector where
both donor and acceptor are in the ground state. Futhermore, Q¥(s,) is the photophysical
propagator for n-th interpulse period.

The photophysical propagators take different forms depending on the observation during
an interpulse period. To derive the explicit forms of these photophysical propagators, we
start from the explicit from of the photophysical generator matrix G, for a given system
state, s,, as

* /\61‘ (t) )\direct (t)

Gq/, = )\d * )\QRET s (84)
Ao 0 *
where Aoz, Adirect; Ad, A\ and )\i RET " respectively, denote donor excitation, direct acceptor

excitation, donor relaxation, acceptor relaxation and FRET rates. As such, the propagators
for empty and nonempty pulses are obtained by replacing the photophysical generator matrix
in the generic propagators described in Sec. 2.5.1 of the first companion manuscript [2]

5pulse
Q’ =exp ( /0 d(ngo”((S)) exp (7 = dyutse) G, (S5)
Spulse dIRF
Q;, =exp < / déGZ""(5)) ( / den, exp [(tn — Opuise — €a) G G
0 0

x exp [(T — pn + €,) GI*] f(En)) , (S6)

for empty and nonempty pulses, respectively. The different generator matrices above are
the reduced forms of G™", G4 and G™ introduced in the first companion manuscript [2]
Sec. 2.3, now containing only photophysical transitions. In what follows, we will derive these
reduced generator matrices and calculate different terms involved in the likelihoods above.
We then proceed to take into account the background and instrument response function

(IRF) in the likelihoods.
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S2.1 Excitation

To construct the likelihood for a pulse, we begin by considering the laser pulse itself where
we expect no transition other than fluorophore excitation occurring during this period. This
assumption is reasonable since pulse duration is too short (often of the order of 100 ps)
compared to fluorophore lifetimes. Therefore, the generator matrix for this period is derived
from Eq. [S4] by setting Ay = A\, = Aprer = 0, leading to

* Aew (t> Adirect <t>
G =10 0 o |. (S7)
0 0

o

Therefore, the first term in propagators Eq. is obtained as

I 6pulse * Aew (t) )\direct (t)
IT" = exp / 0 0 0 dt |, (S8)
0 0 0 0

where IL”" represents the nonradiative propagator matrix during the laser pulse.

The above expression can be further simplified by taking into account the fact that
both excitation rates are proportional to the pulse intensity with different constants of pro-
portionality [3]. Consequently, we can write Agireet = koAew, Where k, is the ratio of the
proportionality constants. The resulting propagator is thus

. Sputse | ¥ )‘em(t) ka}‘em(t)
I — exp / 0 0 0 |ar|. (39)
0 0 0 0

This integral and the subsequent matrix exponential can be solved analytically, with the

result
1 — Tex — kaﬂ'ex Tex kaﬂ'ex

I = 0 o 0 |, (S10)
0 0 0

1 5pulse

where 7., and k,m., are the probabilities that the donor or acceptor is directly excited by
the pulse, respectively. This quantity is the same for all the pulses because the molecule is
immobilized.

Now, using the obtained propagator for the pulse we can find the photophysical state
probability vector immediately after the pulse p,,.. It is given by

where

ppulse = pgroundHZJUIse = (1 — Tex — kaﬂ-ema Tex s kaﬂ'ex) 3 (812)

where p,,,,q 15 the photophysical state probability vector at the beginning of the pulse when
both fluorophores are in the ground state by assumption (2) in Sec. 3 of the main text [IJ.
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S2.2 Photophysics

Next, we compute the remaining terms in propagators of Eqs. [SOfS6l To do so, we first
calculate the generator matrices in those terms, namely, Gi‘”’k for no photon detection, and
G:ﬂd for photon detection. These two generators describe events after the laser pulse and
before the next laser pulse where no fluorophore excitation may take place and thus we have
)\ex = )\direct = 0.

Now, for an empty interpulse period where there is no photon detection, there is still a
chance for emitted photons that are not detected quantified by detector efficiencies 74 and
1N, for donor and acceptor channels, respectively. Therefore, we can write (see Sec. 2.5.1 in
the first companion manuscript [2])

0 0 0
Gfp‘"k = (1 =n)a —Ng— )\QRET )\fnRET ) (S13)
(1 —1na)Aa 0 —Aa

For nonempty interpulse periods, only radiative transitions associated with the detected
photon are possible at that detection moment, therefore we further set the nonradiative
transition rates A\prgr = 0. If a photon is detected in the donor channel, the radiative
propagator is thus

0 0 0
G;ad(D) = 7}d¢dd)\d 0 0 s (814)
nd(l - Qbaa)/\a 0 0
and for the acceptor channel
0 00
Gl = (1= da)ha 0 0], (S15)

77(1 (,baa/\a O O

where (1 — ¢4q) and (1 — ¢,,) denote the crosstalk probabilities for donor and acceptor
channels, respectively.

Now, if we ignore the background and the IRF for the moment, using the obtained
generators above, the elements of the detection matrix (Dg), o, for an empty pulse, a
nonempty pulse with a donor photon, and a nonempty pulses with an acceptor photon are,
respectively, given as

(DY) sn—0;(0,0) =ppuise exp(TGi‘”’k)pme, no photon,
(S16)

(DZ>SH—>U]' <1U’7 Q)) :ppulse eXp(MnGiark>G:pad(D) exp((T - :u’ﬂ) Giark)pgormﬂ dOIlOI‘ phOtOl’l
(S17)

(D)0, (D, 1) =Ppuise exp(unGiark)G;ad(A) exp((T — fin) Gi’"’k) pl . acceptor photon
(S18)

where we ignored the integrals due to IRF in Eq. Moreover, () and ju as the first
input, respectively denote no photon and a photon with arrival time p from the donor
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channel. The same applies to the second input but for the acceptor channel. These elements
can be analytically solved as

(DZ)sn—)aj (@, ®> =

1 0 0
Ppuise A(7) exp(—(Aa + ALFFD)T)  B(T) | propms (S19)
(1 =1n4)(1 — exp(—A,7)) 0 exp(—A,7)
(Dg)sn_)Uj (pﬂ (b) -
0 0 0
ppulse nd¢dd)\d exp(_()\d + )\anRET)M) + 77d(1 - ¢aa))\aB(:u) 00 pgorm? <S20>
nd(l - ¢aa))\a eXp<—)\a,u) 0 0
(DZ)Sn_)Uj ((Z)a ,U) =
0 00
ppulse 77a(1 - ¢dd)Ad exp(_()\d + )‘ZLRET)M) + naqbaa)\aB(:u) 00 pZOT"n’U <821>
na¢aa)\a eXP(—)\aM) 00
where 7 is the interpulse period and
(1 —na)Aa + (1 —na) NPT
At) = N & NFRET (1 — exp(—(N\g+ )\QRET)t)), (522)
\FRET "
B(t) = In (exp(—(Ag + )\QRET)t) — exp(—Aat)). (523)

g — AFRET L\,

These can be further simplified by making the assumption that interpulses period is
long in comparison to the fluorophore lifetimes (assumption (2) above). In essence, we take
7 — 00. Therefore, the elements of the detection matrix when no photon is detected becomes

1 00
. o — by —Na )\ERET
nggo(Dn)Sn—Wj (@, ®) = Ppuise 8 nd)AZIg\lanE; - 0 0 pZOTm' (824)
(1= 7a) 00

Now, since p,,,.m = |1, 1, 1], these matrices can be reduced to vectors by incorporating pZ
as

_ _ FRET
(DZ)Sn%Uj ((D? @) = ppulse Una)at (e Yo ) <825)

)\d+/\§nRET

(1 - na)

0
(D;‘Z)Snﬂﬂj (:u7 (D) = Pypulse 77d¢dd)\d exp(—()\d + )‘SF;LRET)H’) + 77d(1 - ¢aa))\aB(M) ) <S26>
nd(l - ¢aa))\a exp(_)\aﬂ)

0
(DZ)Sn%Uj (@7 M) = Ppulse na(l - ded))\d exp(_<>‘d + /\QRET)/J) + nagbaa)‘aB(:u) : <S27)
nagbaaAa exp(_)\aﬂ)
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Additionally, it is sometimes convenient to consider the likelihood of only detecting a
donor or acceptor photon, regardless of the photon arrival time. We find this by marginalizing
over the arrival times, and denote these marginalized likelihoods by

0

(]jZ)Sn—NTj (d) = / (D;DSn—Hfj (tﬂ Q))dt = ppulse nd¢dd(1 - SQRET) + 77d(1 - (baa)giRET )
0 nd(l - (baa)
(S28)
. o0 0
(D7) 5,0, (@) = / (D)0, (0, )dt = pse | 1a(1 — Gaa)(1 — el FT) + nadaael T |
0 NaPaa
($29)

where el RET = N\FRET /(X ) + Xjppp) is the FRET efficiency for the system state s,. Here,
D7 denotes marginalization over arrival times.

In what follows, we will describe how to include the IRF and background into the derived
detection matrices in this section.

S2.3 Instrument Response Function

The IRF refers to the delay between a photon arrival to a detector and the arrival time
reported by the detector due to the electronics. We incorporate it by concluding that the
reported arrival time ¢,., is the sum of two random variables, ¢4.ive and t;rp, as follows

trep = tarrive + LIRF- (S?)O)

As it is a sum of two random variables the resulting distribution of ¢,., is a convolution of
the photon arrival time distribution with the IRF distribution. Here, we assume that the
IRF is distributed according to

tIRF ~ Normal(pmp,ymp), (831)

with each channel having a unique mean p;zr and variance v;gr. Moreover, the distribution
of tarrive is described by (D7), 0, derived in the previous section.

Now, we can obtain the likelihood in the presence of the IRF by calculating the convo-
lution implied by Eq.[S30] That is obtained as follows

0
(DY), (11,0) = Ppusse | Madaarafa(ps, Aa+ NEFET) + 1a(1 = Gaa) M By, (1) | 5 (S32)
nd(]- — d)aa)/\afd M, )\a>
0
(Dg)éfioj (Q? lu) = ppulse 77a(1 - Qsdd)Adfa(,u, )\d + )\QLRET) + ,r]llgball)\ana (M) ) (833)

naqbaa)\afa (M) Aa)
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where

)\FRET FRET
de(t) = Mg — )S\T}L?'RET A (fd(t7 Ad + )‘sn ) - fd(t7 Aa))’ <834>

1 A IRF |\, IRF _
falt, ) = 5 exp (5(2“§RF + At — 2t)) erfe (ﬂd T ) 7

IRF
V20
)\FRET
Sn

Byu(t) = 5 immr y Uelt Aa + AT) = 1ult M), (S36)

(935)

1 A\ IRF |\ IRF _ 4
fa(t,N) = = exp [ = (2ulBF 4 \!BE —2t) ) erfc Mo+ M , (S37)
2 2 /2uIRF
where erfc(-) = 1 — erf(-) is the complementary error function. Moreover, note that
(D7), (0,0) = (D3)s, -0, (D, 0) since there is no photon and thus no IRF effect.

S2.4 Background

In this section, we proceed to include background emissions in our formulation following
Sec. 2.6 of the first comapnion manuscript [2]. The background photons come from extra
light sources present in the environment in addition to the FRET pair. Such source of photon
is, in general, characterized by two components: 1) photon emission probabilities for each
channel; and 2) distribution of photon arrival times over the interpulse window.

Here, we first assume p; and p, to be the probability that a photon is emitted in the
donor and acceptor channels, respectively. Further, let g4(¢) and g,(t) be probability density
functions that describe the distribution of background photons’ arrival times within the
interpulse window for the donor and acceptor channels, respectively. Moreover, note that
if the source is such that there is some relationship between donor and acceptor photons,
we would additionally require a joint probability distribution gg,(t4, %), but in the case of
background, we assume that the channels are independent. Therefore, the distribution over
measurements for this source is

( (1 - pd)(l - pa)

wy, = (
o (1) = paga(pa)(l —pa)  wy i Eud, 0) ($38)
Wp = (

(1 - pd)paga (:ua)

| PvaPvaga(a)ga(ta) [id; Ha)-

In the presence of a background source, we run into the complication that, in most single
photon pulsed illumination setups, only the first photon arriving to a detector channel is
recorded. This means that there is a competition between photons from different sources,
namely, donor fluorophore, acceptor fluorophore, and background, to first reaching the detec-
tor. In many cases, this effect can be ignored, but here we take it into account for generality.
In this case, we can write the likelihood in the presence of background but absence of the
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IRF, (D3)% as follows

S—)O”

(D7), (wn) =

(pbg((D?@)(DZ)Sn%Uj (@,@) (®7®>
Pog (0, 0) (D7), 50, (1, ) + pog (112, ) (D7) 5,50, (0, 0) + malpia, ) = (ka; 0)
pbg((b’ w)(D1(’7L>5n—>O']' <® ,U/a) + pbg(q)a Ma)( )sn—m] (@, @) (@, ,ua) Wy = (@, Ma)

® ( (

DPug 7/La>(Dg)sn—>crj (,ud, ®> +pbg(:ud7 @)( )sn—nr] Q) ,U/a) Wy, = \Hd, Ma)

L HPvg (1 ) (DY) 50505 (0, 0) + Ma(ptas pta) + Ma(pas pa),

(939)

where py, is given by Eq. and (D), o, is the likelihood for signal photons, i.e., photons
from fluorophores. Further, mg, m,, My and M, correspond to the cases where both back-
ground and signal photon are present, but only the smaller arrival time is detected. These
are derived by finding the distribution of the minimum arrival times between the competing
photons as follows

([ 1) (D7), 0] (s11)
My(ta, ta) =papa {gd(td)(]j )sn—o;(d) + (D7)s, 50, (ta, 0) — ga(t) ( /0 td(DZ)snwxs,@)clS)

-(/ ’ (3105 ) (D). 000 0. (342)
M (1) =9aalt) |50 D () (DD 0 8) = 00) ([ (D7) 5,005

([ 1) (DD 0], (543)

where (f)Z)sn—mj is the marginalized element introduced in Eq. .

Using this general method of incorporating additional light sources into our framework,
we can add the two most prominant background sources observed in the data: 1) laser
photons which are distributed the same as laser pulse and termed laser background; and 2)
uniform background which are uniformly distributed over the interpulse window and termed
uniform background. In what follows, we will discuss the inclusion of these two backgrounds
in our model.
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S2.4.1 Laser background

The primary goal of this section is constructing a general method for adding background
photons originating from the laser source to our pulsed illumination framework. These
photons arrive to the detector distributed according to the intensity of the laser pulse across
the interpulse window. Moreover, since the pulse width is extremely narrow, it can be
effectively considered as a delta function. Therefore, using our description for a generic
background source (Eq. , we can describe this laser background as

(1= poa)(1 — ppa) 1w = (0,0

~—

(

o (e = Poad(pa) (1 — pea) Wy = ( | (S44)
(1 = Poa)Pbad (fha) = (
(

 PeaPead (11a)0 (fta) = (Ha; Ha)

where we used ga\a(tta\a) = 0(ta\a) for laser photons.

Since the laser photons arrive exactly at the beginning of the interpulse window, they
are going to naturally win the competition between multiple present photons from different
sources. This in turn simplifies the terms mg, m,, My, and M, in Eq. for laser
photons as follows

mil(ﬂdy®) =ppa(1l _pba)< )s,ﬁaj (d)d(pa), (S45)
mb (0, 11a) =(1 = poa)Poa(D) e o, (@) (11a), (S46)
Mclz(ud,ﬂa) :pbdpba(DZ)snﬁcrj( ) ( d)(s(,ua)a (847)
M(tta: 11a) =Prapva(DF) s, (@)3(10)3(j1a). (848)

Here, the marginalized terms (]AD;'L)SH_WJ. (defined in Eq. account for the probability of
receiving a signal photon from the fluorophore, even if it is not detected due to the laser
background photon arriving first.

Now, by substituting Eq. in Eq. we can derive the likelihood model of the
photons reaching to the detector in the presence of laser photons. To derive the reported
arrival time likelihood model, we still need to add the IRF effect. To do so, we need to
convolve the IRF with the delta function that describes the laser photon distributions across
the interpulse window. This results in the IRF itself which is given by a Normal distribution

/dwé(t — w)Normal(w; HIRF, VIRF) = Normal(t; WIRF, V[RF), <S49)

where w is an auxiliary variable. As such, using the (D)%% in Egs. and the

S —>O'
background terms as described above, we obtain the likelihood model in the presence of
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o\laser
laser background (D). ", as

(DZ)iisiraj ((2)7 (Z)) :(1 - pbd)(l - pba)(DZ)snﬁo-j (@, @), <S50)

(D)2 (11, 0) =(1 — p1a) (1 — poa) (DYFE_ (114, 0)

+ praNormal (pg; i Vi) (1 = pua) (D) 5,0, (0, 0)

+ DL — poa) (DF) s, 5, (d)Normal (g 557, VIRF), (S51)
(D2)7 (B, pta) =(1 — pra) (1 — poa) (DL (0, 1)

+ (1 = pra)praNormal(py; L7 1R ) (DY), o (0, 0)

+ (1 = ppa)Psa(DY)s, -, (@) Normal(e; plF vIRE), (852)

(D)5, (tas tta) =(1 = poa)ppaNormal(pg; pi ", w2 ) (DY) IEE (114, 0)

+ praNormal(pig; 115, Vi) (1 = ppa) (D7) I, (0, p1a)

+ prapraNormal (pig; i I Normal (jig; 5 yIRF)

X (D) 6050, (d) + (D)5, 50, (). (553)
S2.4.2 Uniform background

Finally, we incorporate uniform background, which represents the combination of all ambient
light sources that emit photons with a constant rate, independent of the laser pulses. We
introduce uniform background after the IRF as the arrival time distribution of these photons
is not affected by the IRF, remaining uniform over the entire interpulse window. Once again,
using the form for a generic light source from Eq. [S38] we describe uniform background as

(1~ paa)(1 = paa)  wn = (

paa(1/7)(1 = Paa)  wn = (

(1 = paa)paa(1/7)  wn = (0, pta)
Wy = (

| PaaPaa(1/7)?

Pabg(Wn) = : (Sh4)

Hd, :u!l)

Combining this source with (D) from the previous section in the same way as
n j

described in Eq. [S39] we arrive at our final expression for the detection matrices as

(D) s 0, (wn) =
(pay (0, 0)(D)l2=7, (0, 0) w, = (0,0)
Pavg (0, 0) (D)2, (11, 0) + Pavg (12, 0) (D)5, (0, 0) +mi(pa, 0)  wy = (a, V)
Pavg (0, 0) (D757, (0, ta) + Pag (D, 11a)(DF)5220, (0, 0) + mi (0, pa)  wn = (0, 1a)
Pavg (D, 11a) (D555, (112, 0) + Pag (10, 0)(D5)52, (0, pra Wy, = (Hd; Ha)

)
\ +pdbg<,Uzd, MCL>(DZ>I£LS§Q (Q)v ®> + Mff(ﬂd; ,U/a) + M#(Md, Ma)-
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Unlike for the laser background, the terms my, my, My, and M} are no longer simple to
compute. Therefore, here, we present their approx1mate form

t
mi(00) ~patt = pan) | -0, 1)~ © ([ D2 (00 )
0
+(1-1) oo, (556)

aser 1 t (o aser
Tyt (ay— L ( / <Dn>in%j<s,@>ds)
T 0

u

(
my(0,t) ~ (1 — paa pda[
(D

\HH

(1——) Ty (1,0)] (957)
tq
| oo, 6 @)ds)
0
1 E DO’ laser t @ l S58
# (1= 1) oo .0 (559

u l - o\laser 1
Md (tcb ta) ~ PddPda |:;(Dn)sn—>0'j (d) - ; (

11 1 ta
M anta) = | 1 D0 (@) = - ([ DD, (5,05
0
t
+(1-1) 02, .0 (559)

Here, we derived the most general likelihood for smFRET under pulsed illumination and
used it in our analysis. However, as mentioned earlier, this likelihood can be much simpli-
fied to an approximate form by ignoring the terms associated to the competitions between

photons reaching to the detectors in (Dg)ls‘ffjaj (Egs. D and (D), -0, (Eq.|S59).
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S3 Model Structure and Priors

After deriving the likelihood, in this section, we present our priors to derive the parametric
and nonparametric posteriors. The parameters are arranged according to their hierarchical
dependency, meaning that if a parameter depends on another, it will necessarily come after
it. Parameters whose priors’ parameters are set by hand rather than by another parameter
are highlighted with a ().

S3.1 Parametric Model

7o ~ Dirichlet(1,1,...,1), (%)
7 ~ Dirichlet(1,1,...,1), me {l,..., M}, (x)
s1 ~ Categorical(my),
Sp|sn_1 ~ Categorical(rmg, ), ne{2,3,...,N},
Ter ~ Beta(l, 1), (%)
a, ~ Categorical(l — me, — koTer, Tew, KaTex), ne{l,...,N},
Ag ~ Gamma(1l, 1), (%)
Ay ~ Gamma(1, 1), (%)
AZEET ~ Gamma(1, 1), me{l,..., M}, (%)
wnrvp(w|an,)\d,)\a,)\§f%ET), ne{l,...,N},

where the distribution p(w|an, Aa, Aa, ALFET) is the likelihood derived in Section [S2| with
Ppuise Set by the auxiliary parameter a,,.
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S3.2 Nonparametric Model

v ~ Gamma(l,1), (%)
. . Y v

£ ~ Dirichlet <M’ e M) ,

a ~ Gamma(l,1), (%)

k ~ Beta(¢, 1), (%)

7o ~ Dirichlet(a3),
. {(dm)i:1 i=m

(dn)i=0 i#m’
7, ~ Dirichlet(a((1 — k)8 + rd,,)), me{l,..., M},
s; ~ Categorical(m),
Sp|Sn—1 ~ Categorical(m,, ), neq{2,3,...,N},
Tex ~ Beta(1, 1), (%)
a, ~ Categorical(l — 7o, — kaTer, Tex, KaTer), ne{l,...,N},
A¢ ~ Gamma(l,1), (%)
Ao ~ Gamma(1,1), (%)
AERET . Gamma(1, 1), m e {l,..., M}, (%)
wnwp(w|an,/\d,)\a,)\£LRET), ne{l,...,N},

where the distribution p(w|a,, Ag, Aa, AEET) is the likelihood derived in Section |S2| with

ay Sn
Ppuise Set by the auxiliary parameter a,,.

S14



S4 Sampling from the Posterior: Gibbs Algorithm Steps
The central object of interest in the Bayesian paradigm is the posterior
p(V|wi.n) o< L{wy.n[9)p(0). (S60)

where ¥ denotes the set of all unknowns including p,,,,, rates in Gy, and transition proba-
bilities in IL,. Furthermore, p(¥) denotes the set of priors given in Sec. [S3]

In order to infer the unknown parameters, we draw numerical samples from the pos-
terior. One way of doing this is through Markov Chain Monte Carlo (MCMC) methods,
where samples from the posterior are drawn iteratively to construct a Markov chain. In this
implementation, we utilize the Gibbs algorithm, where individual parameters x are sampled
from their conditional posterior distributions in each MCMC iteration

pleld/{a}, i), (S61)

where z is some model parameter and ¥/{x} represents the set of all model parameters
without z. In the following, we present our Gibbs sampling steps for each parameter.

S4.1 Photophysical rates

A photophysical rate, A, is sampled from the conditional posterior
pA[I/{A}, win) o< L(win [9)p(A), (562)
where prior p()) is the same for all the photophysical rates
p(A) = Gamma(\; 1,1). (S63)

This particular conditional posterior does not have a closed form, so the photophysical rates
are sampled through a Metropolis-Hasting (MH) procedure. We do so by proposing new
values for rates as follows

A" ~ Gamma ((b, %) , (S64)

where ¢ is a parameter tuned to improve mixing. Subsequently, the proposal is accepted
with probability given by

| L(wyy|\)Gamma(X'; 1, 1)Gamma(); ¢, 5)
Q= Inin , :
L(wy.y|\)Gamma(); 1, 1)Gamma(\*; ¢, %)

(S65)
where L(w,|A) is the likelihood for individual pulse derived in Sec.

S4.2 Excitation Probability

To allow for direct sampling of the excitation probabilities and simplify the pulse likelihood
functions derived in Sec [S2| we sample the photophysical state a, immediately after the
pulse. By doing so, we effectively set p,uisc to be a certain photophysical state.
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Since the photophysics of the individual pulses are assumed independent, we can sample
each of the a,, individually from their conditional posterior

planlV/{an}, win) o< Ly(ws|0)p(as) = Ly (wn|d)Categorical (an; ppuse), (S66)
where, as derived in Sec. [S2.1]
ppulse = (1 — Tex — kaﬂ-exa Texs kaﬂ-em) . (867)

Since a,, represents the photophysical state immediately after the pulse, it has three photo-
physical states 11, 15, and 13 that represent both donor and acceptor being in the ground
state, the donor being excited and the acceptor being in the ground state, and the donor
being in the ground state and acceptor being excited, respectively. Therefore, we sample

Ay, ™~

Categorical ( Ln(wylan = 1) Ly (wnlan = 12)& L (wp|a, = 13)¢3 ) .

Z?:l Ln(wn|an = 1/’1)517 Z?:1 Ln(wn’an = ¢2)§z, Z?:1 Ln(wn|an = 1/’2)5@
(S68)

Now, the excitation probability ., is sampled from the conditional posterior
P(Tex |0/ {Tex }, w1.n) X L(wi.n|9)p(7er) = L(wy.n|0)Beta(me,; 1, 1), (S69)

which has likelihood-prior conjugacy because of our choice to also sample the photophysical
trajectory aq.y. Intuitively, the number of times that the photophysical trajectory records the
donor being excited is the number of “successes” of a Bernoulli random variable. Therefore,
we can directly sample 7., from the following probability density

N N
Ter ~ Beta(1+ > 1{a; = o}, 1+ N =Y 1{a; = 1}), (S70)
i=1 i=1

where Zf\il 1{a; = 1o} is the number of times that that the photophysical trajectory is in
(3

S4.3 System State Trajectory

Sampling of the system state trajectory is done through a standard forward filtering backward
sampling algorithm, which we briefly describe here [4]. First, we sample an initial probability
vector my that is informed by the prior and the first system state of the previous trajectory.

7o ~ Dirichlet(a((1 — k)3 + rd,, + ny.), (S71)

where a((1 — k)3 + kd,, is the prior of the transition probabilities modified with the sticky
hyperparameter and n,, is a vector with value one at the index corresponding to s; and zero
otherwise.
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Next, we construct a forward filter by propagating forward using the transition matrix
while taking into account observations. The first time level of the forward filter is given by,

Ali = To; X Ll(w1|51 :Ui)a 1= 17---:M0- <S72)
This allows us to then move forward by computing for each n from one to N,
M
Ani :Ln(wn|31 :O-i)zﬂ-imAnfl,i; 1= 1,...,MJ, n = 1,...,N. <S73)
i=1
Finally, we sample the transition by recursively sampling the system state starting at the

end and moving towards the first pulse in the following way

sy ~ Categorical(Ay), (S74)
Sn|Sn+1 ~ Categorical(b,,), (S75)

where
Tisnir Anti

M )
Zj:l T s Ant1)

S4.4 Transition probabilities

The transition probabilities are sampled as vectors 7, that represent transition probabilities
out of state m from the conditional posterior

(|0 /{mm ), win) o< L(wi.n|9)p(mw,,) (S77)
= L(wy.y|V)Dirichlet(m,,; a((1 — k)8 + kdy,)), (S78)

where a((1 — k)B + kd,,) is the prior of the transition probabilities modified with the sticky
hyperparameter.

These transition probability vectors are updated through likelihood-prior conjugacy with
the state trajectory. Using the closed form of the conditional posterior, we sample each m,,
through

7 ~ Dirichlet(a((1 — k)8 + rd,,) + 0y, (S79)

where n,,. is a vector which collects the number of each transition out of system state o,,.

S4.5 Base Distribution

The sampling of the base distribution and the other hyperparameters are heavily inspired
by the work of Emily Fox et. al. [5], and it is highly recommended for those interested in a
more in-depth discussion of sticky iHMMs to read their work.
To sample the base distribution, we first sample auxiliary parameters D and W. We
start with D. For each 7,7 =1,..., M, we set
nij—l /8
a .
M,;; = Bernoulli . ) S80
= (2% (550)

k=0
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Next we sample W, which intuitively represents the number of times a self-transition
occurred because of the influence of the sticky hyperparameter.

K
. _ Bi ial (M —— ™ ) 1
Wi inomia ( i Bl = m)) (S81)

Finally, define D = D — W. We can now directly sample the base distribution through

M
3 ~ Dirichlet(y¢ + » D), (S82)

i=1

L

where ¢ is an M dimensional vector with all elements set to 57

S4.6 Optional Hyperparameters

Many of these sampling steps draw on auxiliary parameters D, W, and D described in the
previous section for sampling the base distribution.

S4.6.1 Transition probabilities concentration hyperparameter

To sample the concentration parameter «, we sample additional auxiliary parameters, r and
s, which are vectors of size M. Define n.; = Zf‘il n;; as the total number of transitions into
system state ;. We then sample

r; ~ Beta(l + o, n;), (S83)
s; ~ Bernoulli ( e ) . (S84)
n;+ o

We can then sample

M M

a ~ Gamma(a + Z Z D,; — Z s, 1— Z log(r;))- (S85)

=1 j5=1 =1

S4.6.2 Sticky hyperparameter

Naturally the sticky hyperparameter is updated by taking the number of times self transitions
occur due to the stickiness (found in W) and using those as successes to update a Beta
distribution. The sampling step is given as

M M M M
k ~ Beta <1+ZW”’¢+ZZD” —ZWH> ; (S86)
i=1 i=1

i=1 j=1

where ¢ is a preset parameter that controls the ”stickiness” of the HMM.
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S4.6.3 Base distribution concentration hyperparameter

The base distribution concentrion parameter v requires sampling additional parameters c
and p. Additionally, define K as the number of elements of D that are greater than zero.
Next, we sample

M M
c~ Beta [ v+ 1, D, |, S87
j

K
~ Bernoulli B . -
’ <<Z?i1 > D)1 - 1og(c))> (S88)

If p=1, we sample v as
v~ Gamma(l + K, 1 —log(c)), (S89)

and otherwise we sample
v ~ Gamma(K, 1 — log(c)). (S90)
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S5 Estimation of pre-set Parameters

Parameters associated with photon detection such as crosstalk, IRF, detection efficiency,
and direct acceptor excitation are preset according to the experimental conditions. Both the
label and detector quantum efficiencies are combined into 74 and 7n,. We preprocess only two
parameters: IRF, by fitting IRF data to a Gaussian distribution; and background emission,
which we deterimine individually.

S5.1 IRF

IRF data was obtained using water scattering, i.e., shining the laser at a sample of water
and recording the microtimes. The resulting distribution records the instrument response
function, since the photons from water scattering do not experience delays due to lifetime.
The expression for IRF fit using MATLAB’s pre-built curve fitting tools.

Green Channel IRF Red Channel IRF

ot

IRF data IRF data
i Gaussian fit Gaussian fit
4t 7 4!
3 3t
e e
A A
[al [al
2 2t
1 1 1
0 k= T\\—— 0 X
2.5 3 3.5 2.5 3 3.5
microtime(ns) microtime(ns)

Figure S1: IRF curve fitting. We fit a Guassian distribution to the IRF calibration data
obtained by water scattering.

S5.2 Background

The probability of receiving a background photon is considered constant over the course
of the experiment. Let this probability be m,. Consider a period of time with no emitting
sample with pulses 1,..., N. Let b, be a label for all the pulses where b,, = 1 if a background
photon is received in one channel and b, = 0 otherwise. Given that a background photon
is received, it can either come from a laser source or a uniform source. Let the probability
that arrives in the laser source m,. Let ¢; be a label for all background photons received with
¢, = 1 if a photon is from the laser source, and ¢, = k if it is from the uniform source. In
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this case, we model background by

b, ~ Bernoulli(r,), (S91)
¢k|bp, = 1 ~ Bernoulli(m,), (592)
ty ~ cxNormal(prrr, 07 5) + (1 — ¢)Uniform([0, T7). (S93)

Since the b,, are known, we can directly obtain a maximum likelihood estimate for 7,. Let
K =S b,. Then the estimate is given by

. K

We can then obtain an estimate for 7, through

K
7, = argmax (H (mpNormal(ty; prrr, 07 gp) + (1 — m)Uniform([0, T]))) . (S95)
o i=1

The laser, py, and dark, pg, background probabilities are then

Py = T, (S96)
pa =mo(1 —m). (S97)

An identical calculation is done for each channel.
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S6 Parameters Used for Synthetic Data Generation

Here, we detail the parameters used to produce synthetic data. Since the synthetic data
algorithm incorporates crosstalk, detector efficiency, IRF, and background emissions, all of
these must be set. In Table [S6, the parameters not included are set according to Table [S6]

Quantity Value Assigned Notes
Aoy 509 40571 Ref. [6]
Aoy—son 40571 Ref. [0]
AERET 0.5ns™! from experimental data
NERET 0.1ns™! from experimental data
ez 5x 1074 Ref. [0]
Ad 0.35ns™" similar to ATTO 532 [7]
Ao 0.25ns™? similar to ATTO 647N [7]
UIRF 2.9ns from experimental data
o2pp 0.001 ns? from experimental data
Pda 0.03 from experimental data
®ad 0.01 from experimental data
Dbd 0.057,; from experimental data
Dba 0.0457,, from experimental data
Ddd 0.057y from experimental data
Dda 0.0057,, from experimental data
Nd 0.38 experimental data and Ref. [7]
Na 0.19 experimental data and Ref. [7]

Table S2: Parameter values for system with two states. Most of these values were
motivated by the experimental smFRET traces gathered for this paper.

Quantity Value Assigned Notes
Ao1—0 1200s™* informed by 1 mm MgCly HJ dynamics [§]
Aoa—sor 1200571 informed by 1 mm MgCly HJ dynamics [§]
Aoysos 1200871 informed by 1 mm MgCly, HJ dynamics [§]
Aog 5oy 1200871 informed by 1 mM MgCl, HJ dynamics [§]
ACRET (0. 1ns™! from experimental data
NERET 0.4ns™! from experimental data
AERET 0.8ns~! from experimental data
ey 7.5 x 1073 highest value obtained from experimental data

Table S3: Parameter values for system with three system states Values that are not
specified here are identical to those in Table [S6 since they are set by the experimental setup
and do not change from time trace to time trace.
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S7 Additional Parameter Estimates

The following figures depict the posterior distributions over all the parameters not presented

in the main text.

S7.1 Synthetic Data with Two System States

(a)

(b)

(c)

150 250
200 %0 :
150 00
100 00 60 150
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\ 2.00% 10
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. 6 . 1.50x 10 G
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0 0 0 ] 0
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T35 T35 Ts553 T5 55
(i) §)) (k) 1)
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4 .
1.50x 10 1.50x10" 1.50x 10" .
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P « K Y

Figure S2: Learned parameters for synthetic data with two system states. The
panels are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c-d) FRET rates;
e-h) system state transition probabilities for the visited states; i) excitation probability; and j-
1) hyperparameters of the nonparameteric scheme, which we sample to improve mixing of the
MCMC chain. The shaded regions and red lines, respectively, represent the 95% confidence
interval and ground truths. The ground truth is not included for hyperparameters which are
not physical quantities. The same convention is followed in the remaining figures.
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S7.2 Synthetic Data with Three System States
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Figure S3: Learned Parameters for Synthetic Data with three System States. The
panels are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c-e) FRET rates;
f-n) system state transition probabilities for the visited states; o) excitation probability; and
p-r) hyperparameters of the nonparameteric scheme, which we sample for improved mixing
of MCMC chain. The figure conventions are the same as those in Fig.
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S7.3 Experimental Data: 1 mm
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Figure S4: Learned Parameters for 1 mm MgCl, Experimental data. The panels
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are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c-d) FRET rates; e-h)

system state transition probabilities; i) excitation probability; and j-1) hyperparameters of
the nonparameteric scheme, which we sample for improved mixing of MCMC chain. The

figure conventions are the same as those in Fig. [S7.1]
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S7.4 Experimental Data: 3 mm
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Figure S5: Learned Parameters for 3mm MgCl, Experimental data. The panels
are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c-d) FRET rates; e)-h)
system state transition probabilities for the visited states; i) excitation probability; and j-1)

hyperparameters of the nonparameteric scheme, which we sample for improved mixing of

MCMC chain. The figure conventions are the same as those in Fig. [S7.1]
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S7.5 Experimental Data: 5 mm
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Figure S6: Learned Parameters for 5 mm MgCl, Experimental data. The panels
are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c-d) FRET rates; e-h)
system state transition probabilities for the visited states; i) excitation probability; and j-1)
hyperparameters of the nonparameteric scheme, which we sample for improved mixing of
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MCMC chain. The figure conventions are the same as those in Fig. [S7.1]
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S7.6 Experimental Data: 10 mm
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Figure S7: Learned Parameters for 10 mm MgCl, Experimental data. The panels
are as follows: a) donor relaxation rate; b) acceptor relaxation rate; c)-d) FRET rates; e)-h)
system state transition probabilities for the visited states; i) excitation probability; and j)-1)
hyperparameters of the nonparameteric scheme, which we sample for improved mixing of
MCMC chain. The figure conventions are the same as those in Fig. [S7.1]
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